Energy efficiency potentials of building envelopes are significant and still largely untapped. Increasing concerns of policy-makers about non-sustainable energy use and climate change spur a growing research interest in this area. This paper fills part of the existing knowledge gap by focusing on experience curve aspects of energy efficiency measures that concern state-of-the-art insulation methods, materials, and windows. The analysis addresses some of the difficulties and peculiarities of applying the experience curve concept to energy efficiency technologies. We also report on some of the more general technological trends and dynamics of market diffusion of innovative energy conservation technologies for the building envelope. The results derived from historical data analysis point to significant techno-economic progress made over the last 30 years, and demonstrate the basic applicability, merits and limitations of the experience curve concept for energy policy design and impact analyses concerning building envelopes. We conclude from our analysis that, apart from the energy conservation potentials offered, building standards and labels can be important drivers for techno-economic progress, and that experience curves can provide some useful guidance for targeted and effective policy measures.
Introduction
Building envelopes bear significant and to a large extent still untapped energy efficiency potentials, which strongly depend on the prevailing climatic, socio-and techno-economic, institutional, and regulatory framework conditions. Given increasing political efforts to curb unsustainable energy demand levels, e.g. in order to reduce fossil fuel import dependence, local pollutant emission, and global greenhouse gas emission, these potentials become the focus of heightened interest both from researchers and policy-makers alike. While the scientific literature provides numerous papers from various disciplines that have focused on different aspects of energy-efficient buildings and related policy measures (see [1] for a brief overview), much less evidence can be found on the diffusion of energy efficiency technologies related to the building envelope in general, and experience curves in particular.
The residential and service sectors alone account for more than 40% of the final energy consumption in the European Union [2] and in Switzerland [3] . The exploitation of the existing energy efficiency potentials hidden in building envelopes to a large extent comes at either no, or relatively low, additional direct costs (calculated as annualised or present value total costs of the investment minus energy cost savings). For instance, for Switzerland it has been estimated that based on standard net present value investment evaluation criteria, for existing buildings built prior to 1980 about 30% to 50% of the energy consumption could be conserved with measures considered as cost-efficient (reduction from 450 MJ/m 2 a to 250-300 MJ/m 2 a), and an approximate additional 20-30% would come at low cost. For new buildings, an estimated 20-30% of the measures can be realised at low cost [3, 4] .
However, many barriers still exist that prevent a more rapid diffusion of energy efficiency technologies and thus the reaping of further experience curve gains, and even seemingly 'no-regret' (or 'minimal regret') options, i.e. options that are basically cost-efficient if judged by standard economic investment evaluation criteria, yet remain under-utilised (so-called 'efficiency gap' or 'energy paradox'; e.g. [5] ). A sound understanding of the prevailing barriers and drivers can, on the one hand, help to better understand the market and learning system involved and, on the other hand, help to predict future achievable progress ratios more accurately. Important barriers are: (a) energy efficiency investments in the building envelope typically have an 'add-on' character (i.e. they are inessential for the basic functioning and utilisation of the object); (b) the building stock turnover is relatively slow and by far not every building envelope refurbishment is done for achieving energy efficiency improvements (in Switzerland, for example, over the last 15 years, 45-60% of the façades from buildings erected prior to 1975 were renewed, but most renewals comprised façade painting only). Other barriers include budget constraints, landlord-tenant dilemmas, and appearance protection of outstanding buildings. Important driving forces, in contrast, include construction deficiencies (e.g. problems with mould in older buildings), comfort considerations, active building stock management, and certain economic considerations (e.g. prevention from accelerated depreciation).
Experience curves, i.e. curves that depict experience-driven cost reductions over cumulative production levels, provide a useful and in public policy still widely under-utilised analytical tool for assessing the historical and expected future performance of technologies in markets, and can help to shape energy, environmental, climate change, and other policies [6] .
The assessment of experience curves of building-envelope-related energy efficiency measures and potentials is complicated by the fact that typically one has to deal with a compound system (impact and interplay of materials and building components used), varying investment decision practices, and severe data limitations. Furthermore, the transferability of experiences from one country to others is rather limited due to differences in climate, tradition, construction costs, building codes, insulation standards, etc.
In this paper, we analyse technological progress and marginal cost developments for energy efficiency measures related to the building envelope, drawing heavily from a recent and extensive techno-economic study for Switzerland [3] . In particular, we study learning effects concerning innovative products (e.g. insulation materials, construction elements) and processes (e.g. concerning production, planning, logistics, and mounting) relevant for a more energy-efficient building envelope, including windows. The results from our analysis are then put into a somewhat broader perspective, in order to improve our understanding of experience curves related to a more energy-efficient insulation of the building envelope, and how this can be used in policy design and impact analyses. Many of the insights gained from the Swiss experience and prospects can be taken up and adapted to other countries, provided that the differences in the framework conditions are appropriately taken into account.
The paper is organised as follows: Section 2 introduces the basic concepts employed and deals with the peculiarities of experience curves in the context of energy efficiency technologies applied to the various components of the building envelope (walls, windows, etc.). Section 3 provides an overview of the techno-economic and institutional progress that has been made in this field in Switzerland and elsewhere over the last three decades. Section 4 addresses the impacts of different diffusion dynamics (investment paths), while Section 5 delivers some policy recommendations and concludes.
2 Applying the experience curve concept to energy efficiency measures for the building envelope
Cost reduction potentials through economies of scale and scope and learning effects
In this section, we address issues of economies of scale and scope, and of learning and mass production. Economies of scale and economies of mass production refer to unit cost reductions that can be reaped from production level increases at which higher operational efficiencies can be achieved and the fixed costs better spread among the products produced. While the former is more related to the plant level (firm size), the latter focuses on the production technique. Economies of scope, in contrast, refer to cost reductions that can be reaped from synergies between production of different products within the same company, e.g. because of joint use of production facilities and inputs, joint marketing activities, joint administration, or because one product yields another as a by-product.
Learning curve effects refer to the phenomenon that unit production costs typically decrease over time. Sometimes, the term learning curve is used synonymously with experience curve (or progress curve, or learning-by-doing curve), and sometimes learning curve effects are considered to be restricted to learning effects of the workforce, in contrast to experience curve effects that comprise learning effects of the whole firm (i.e. including technical and/or managerial improvements of product design and/or production process), or the whole sector. Table 1 provides an overview on the relative importance of different categories of techno-economic progress of energy efficiency and end-use technologies used for buildings (based on expert judgement). Heat pumps ++ +++ + *Assuming targeted searches for efficiency improvement potentials. **Improvements concern mainly the optimisation of the ratio between solar energy gain and thermal conductivity/heat loss; further heat loss reductions of the glass can only be achieved with innovative window glazing. Source: Based on expert judgement; adopted from [1] .
Energy efficiency investments concerning the building shell often consist of a combination of industrially fabricated products on the one hand, and the installation/application/mounting of these products on the construction site on the other hand. Depending on the relative cost share and the stage of the innovation process, different experience curve effects prevail. Whereas for the first cost component mentioned, economies of mass production and economies of manufacturing plant scale are typically more important, for the second cost component, learning effects (e.g. leading to a change of production method) as such tend to dominate. However, the learning component can be important also for the fabrication of products, especially if they are at an early stage of innovation (e.g. enhanced insulation thickness, window frames made of wood-based compound materials, vacuum-based insulation panels, foil-inserted glazing, and the like).
Conceptual issues regarding the use of experience curves for the building envelope
Usually, in an energy context, experience curves describe the relation between specific costs of energy generated (or converted) and the cumulative output of the generating or converting technologies studied, measured in capacity units such as kW, or number of units produced such as kWh, and the like. In contrast, energy efficiency technologies and measures do not provide energy, but rather help to conserve it (i.e. to reduce energy demand), which calls for the definition of a reference (or baseline) for the measurement of the amount of energy conserved, or energy efficiency gained, respectively. The cumulative area of façades, for instance, on which state-of-the-art heat insulation has been applied, could be a measure for the (cumulative) output of energy efficiency investments. However, such a measure would not take into account the increasing energy efficiency of façade insulation over time (technical progress). As a matter of fact, the costs and energy efficiency of a particular insulation measure for the building envelope including windows depend mainly on the U-value, which in turn depends on the thickness of the material used [7] . Consequently, some energy efficiency measure has to be included into the characterisation of the specific cost and/or the cumulative output of a particular technology as well. Table 2 provides an overview of and differences between typical (cumulative) output and specific cost categories for energy conversion (here: electricity generation) technologies on the one hand, and energy efficiency measures/technologies relevant to the building envelope on the other hand. The cost of the energy conserved [8] not only depends on the maturity of the technology concerned, but also largely on the thermal quality standard actually chosen (insulation thickness, U-value, etc.). In other words, the costs of conserved energy can be low at an early stage of innovation because the consumers prefer low insulation thickness, whereas later on, when the cumulative output has grown further (and consequently the experience curve concept would suggest lower specific costs), they may in fact have risen because of an increase in insulation thickness used (e.g. due to legal requirements and/or higher prices/price expectations).
Let us assume for a moment the stylised case where the insulation thickness is chosen in such a way that the marginal cost of conserved energy equals the marginal cost of heat generation, and that the latter would remain constant over time. In this case, the economic agents would adjust the insulation thickness in line with the techno-economic progress experienced (if insulation gets less expensive, then more insulation can be applied to reach the economic optimum) and, as a consequence, the observable cost of conserved energy would remain constant over time. Likewise, the observable specific costs and insulation thicknesses would not follow a single experience curve, but rather switch from one to another in a subsequent manner (see Figure 1 ). Of each of these different experience curves, however, only a short piece can be empirically observed, as insulation thicknesses and energy efficiencies of windows changed gradually and not in major steps. Indeed, since it is already difficult to empirically determine the present marginal cost curve (or the wall insulation cost as a function of insulation thickness), for practical reasons, it is almost impossible to determine historical marginal cost curves. The bottom line of this exposition is that the cost of conserved energy is not necessarily a good indicator to be used in experience curve considerations. However, there might be cases where the experience curve concept is applicable also for energy efficiency measures whose characteristics gradually evolve over time (such as standard wall insulation thickness, which increased steadily in the past). In any case, it is important to assess the institutional, regulatory, techno-economic, societal and other framework conditions when interpreting relations between costs, technical progress, and cumulative output. In other words, it might be a good idea to separate innovation introduction phases where the marginal costs of energy efficiency rise (e.g. due to more stringent codes and standards which first lead to higher cost but also to higher energy efficiency) from consolidation phases where a downward-sloped experience curve can actually be observed. In the following two subsections, we first describe cases where the specific costs of energy conserved can be used, followed by two proposed alternative methods for cases where they are not suitable.
Method 1: Joint consideration of specific cost and technical characteristics
Let us define the cost of energy efficiency (or cost of conserved energy) at time t, C EE,t , as:
where a is the annuity factor (that depends on the lifetime and interest rate assumed), (I -I 0 ) denotes the additional investment costs at time t (Euro/m 2 ) referred to the reference efficiency level U 0 , U is the resulting U-value of the efficiency investment considered (in W/m 2 K) and HDD stands for heating degree days [9] . Note that in the experience curve concept I 0 and U 0 correspond to the construction standard at t = t 0 , e.g. a wall without insulation.
Such defined costs of energy efficiency can then be used in an experience curve approach for the following two cases: First, for clearly distinguishable technologies, such as double-glazed non-coated windows, double-glazed coated windows, triple-glazed coated windows, etc. Second, when a new market is created, or a certain standard of a technology is needed or applied due to new legal requirements, independent of the marginal cost of energy conservation or heat generation. For example, the introduction of the heat protection ordinance ('Wärmeschutzverordnung' [10]) or the passive energy house label in Germany, or the MINERGIE label for energy-efficient buildings in Switzerland (see subsection 3.1), created new markets that made it necessary to apply innovative technologies, or more energy-efficient versions of existing products and methods. This caused an augmentation of the marginal cost of energy efficiency in the short term. Later the costs decreased again, and it is exactly this cost reduction process that can be assessed by the experience curve concept. In mathematical terms, in both cases, the experience curve can be formulated as follows:
where C EE denotes the marginal cost of energy efficiency (in CHF/kWh, €/GJ etc.; 1 Swiss Franc (CHF) is equal to about 0.66 Euros (€), Y cum the cumulative output (in m 2 applied, kWh conserved etc.), and b and c are coefficients to be empirically estimated. Note that a cost decreasing experience curve effect can only be detected if b < 0, and that Y cum , expressed in kWh conserved, is calculated as the sum of the denominator of equation (1) [ ]
From this the progress ratio, pr, can be derived as
Method 2: Separate consideration of specific cost and technical characteristics
If the energy quality of the building envelope is chosen according to some standard economic optimality condition (e.g. the marginal cost of energy efficiency equals the marginal cost of heat generation), or if the cost of conserved energy is even rising over time and over cumulative output despite some techno-economic progress (implying a shift to the right on the marginal cost curve, so that per m 2 more energy is being saved), we propose the following alternative method that considers specific costs and technological characteristics separately.
If the marginal cost of (additional) energy efficiency remains constant over time, or over cumulative output, then this does not necessarily mean that there is an absence of techno-economic progress. Indeed in economics in general and for energy efficiency in particular, it is often the case that technological progress leads to a higher utility level at constant cost. In these cases, techno-economic progress could be described by insertion of equation (2) into equation (1), yielding:
If b 1 -b 2 = 0, then the marginal cost of energy efficiency is constant; in contrast, if b 1 -b 2 < 0, then some techno-economic progress has occurred that is dependent on cumulative output (and which thus can indeed be tackled by some experience-curve-based energy policy measures).
Established vs. pioneer markets
When assessing new and innovative technologies, pioneer and niche market phenomena can be observed. In what follows next, we briefly discuss some empirical evidence found for the case of exterior wall insulation and windows in Switzerland. Figure 2 depicts the price differences per square metre (compared to an insulation thickness of 12 cm) charged by various Swiss building companies in relation to the thickness of the wall insulation concerned. Data were gathered in a survey in which the price as a function of the insulation thickness was asked for. Thus, the data do not represent real project prices, but rather systematic 'close to the market' offer prices. As can be seen from Figure 2 , prices are quite similar in the range between 8 cm to 16 cm, which corresponds to today's most commonly used insulation thickness (conventional 'standard' range, left of the dashed line), but they vary much stronger beyond a thickness of about 16 cm (innovative 'above-standard' range, right of the dashed line). This can be explained by the following two factors:
• Having 12 cm as the most common insulation thickness, more than 15 cm is applied quite rarely, and the façade companies have not yet gained sufficient know-how and experience both in carrying out such façade applications and in competitive (marginal) cost calculation, so that it can be safely assumed that some precaution surcharges (risk premiums) are included in the price quotes.
• The market for high-efficiency building envelopes is only about starting to develop, both on the supply and the demand side. Indeed, up to now, most architects and planners were not yet very well informed about best available technologies and best practice charges for increased insulation thicknesses, and neither were the consumers. At present, high insulation thickness is used mainly in niche markets where prices are price-policy-driven rather than cost-driven. However, it can be expected that the more the demand for increased insulation thickness will rise and the more architects, planners and investors are informed about best practice costs, the more the prices will decline towards the bottom end of best practice prices (companies D, F, L, N and O in Figure 2 ). Using the definition of C EE given in equation 1, it becomes evident that the cost of energy efficiency would drop considerably if this happens (see [1, 3] for more details). Also, in the case of windows, the established market segment of plastic-framed windows shows a much less pronounced cost increase as a function of improved energy efficiency than the pioneer market for wood-based compound frames (see [1, 3] for more details about these empirically based findings).
Techno-economic progress over the last 30 years
The legal and institutional framework conditions regarding energy standards determine to a large extent the techno-economic progress in the different countries. For example, it can be observed that in countries with legally binding but not very ambitious building standards, new buildings are insulated much less and windows have higher thermal losses than in countries with more rigorous standards (see [1] for a compilation of wall and roof insulation thicknesses in Europe).
In Europe, for instance, only a few large international window glazing manufacturing companies exist today. Nevertheless, the different local and national subsidiaries of these international corporate groups typically do not produce their best available technology (BAT), but only the level that meets the national or regional insulation standards and/or traditions. For example, while in Austria and Switzerland coated and inert-gas-filled glazing almost became the standard glazing technique during the early 1990s, the market share for this kind of window in Germany was only about 10%. Only the announcement of a building insulation ordinance (Wärmeschutzverordnung [10]) in Germany in 1995 triggered the rapid and accelerated market penetration of this kind of insulation glazing. The rapid diffusion was supported on the supply side, because the reduction in regulatory uncertainty induced the glazing companies to invest into production facilities that enabled to produce coated glazing at much higher output rates, and -because of both mass production effects and production type effects (change from batch production to serial production) -at lower costs (e.g. Blessing [11] ).
Evolution of relevant framework conditions -the Swiss experience
Deeply impressed by the two oil price shocks of the 1970s and their economic consequences, the Swiss authorities and professional associations (much like in many other countries) began to worry about the increasing energy consumption of the building sector and, accordingly, tried to promote energy efficiency improvements of the building envelope. To a limited extent, such improvements were also pushed by the construction industries, and partly pulled from the demand side through private and public project developers.
While the first oil crisis in 1973-1974 led to a certain awareness about the importance of energy efficiency measures and some early action, only the second oil shock of 1979 led to the implementation of legally binding standards in several Swiss cantons. These were predominantly focused on individual construction elements (walls, roof, windows) though. In 1988 then, the Swiss Association of Engineers and Architects (SIA) published a standard based on these construction elements (SIA Standard 180) and, in addition, a unitary building standard on how to calculate the energy demand of buildings as a whole (SIA Standard 380/1), together with two benchmark levels (limit and target values) for energy demand [12] . In the mid-1990s, SIA published a so-called 'reduction path' (Absenkpfad) for energy requirements of buildings and the federal administration encouraged the harmonisation of energy-relevant legislation for buildings (see [13] ). Meanwhile, the latest edition (2001) of SIA Standard 380/1 also contains an adaptation to European standards (SN EN 832) and serves most of the cantons for formulating their legislations (MuKEn [14] ).
As a consequence of all these actions taken, the energy-related quality of the building insulation and windows applied improved continuously over the past thirty years (cf. Figures 3 and 5) , while the specific energy demand for space heating of new buildings has decreased accordingly. In fact, the technical progress of windows developed even faster than the legal requirements or the standards that were set by the SIA. As a reaction to rising difficulties in enforcing and tightening command-and-control measures aimed at raising the energy efficiency of buildings, some of the cantonal authorities put more weight on motivation, stimulation, and incentive-based measures. In 1997, they co-founded the MINERGIE association, and a MINERGIE  label (a registered trademark) and standard were created, with the goal of promoting further improvements regarding the energy requirements of buildings through labelling [15] . It is estimated that only five years after its introduction, the market share of new single-family MINERGIE houses has already reached some 5-8%. Mainly three factors are responsible for the great success of the MINERGIE concept: (a) the architects' and planners' freedom on how to achieve the energy demand requirements (optimising both building-envelope-related and/or energy-efficient or renewables-based end-use technology choices, i.e. a performance-instead of a component-oriented approach); (b) the linked promotion of co-benefits associated with improved building envelopes and the installation of air renewal systems (e.g. increased comfort of living); and (c) in the MINERGIE buildings niche market owners and tenants of new buildings show a non-negligible willingness to pay for these co-benefits, as first results from an ongoing survey evaluation confirm [16] . Thus, MINERGIE increasingly becomes an issue also for the real estate sector.
Many of the cantons and many banks have since then defined the MINERGIE standard as a prerequisite for receiving financial support or more favourable conditions, respectively, for the construction of new and the refurbishment of existing buildings. Recently, the MINERGIE standard has been refined in various ways (minimum standard also for the building envelope, introduction of a more ambitious standard that reflects the German passive house standard, extension to service and industry sector buildings). It can be expected that the further development and expansion of the MINERGIE niche market will help to ratchet down the energy requirements of the Swiss building stock.
Finally, the obligations entered under the Kyoto Protocol (UNFCCC [17] ) and related national policy programmes ('EnergieSchweiz') and laws (e.g. Swiss CO 2 Act 2000 [18] ), respectively, are important driving forces, as are the above-mentioned steps that have been taken to foster innovation in the building sector.
Techno-economic progress -some empirical evidence for Switzerland
A separate assessment of the different cost components seems advisable. In this section, we will discuss the techno-economic progress that has been made in Switzerland over the last three decades with respect to energy efficiency of the building envelope. Because energy efficiency measures in this field typically consist of several cost and/or technical components, we decided to provide illustrative examples for both façades and windows. Similar improvements have been achieved for inclined and flat roofs, ground floor or basement wall insulations, as well as for (outer) doors, as can be seen from Table 3 . Table 3 Past development of insulation thicknesses of different construction elements (mm)
Construction element <1960 1961-1965 1966-1970 1971-1975 1980 1985 1990 1993 1995 1997 Source: Adopted from [3] , based on data from a leading Swiss insulation manufacturing company. Figure 3 depicts the development of the standard building envelope insulation thickness applied by a sample of Swiss façade construction companies. As can be seen, the insulation thickness has increased by a factor of at least three (!) over a time span of thirty years [19] . As a consequence, the U-value of walls has decreased from about 0.9-1.3 W/m 2 K (historical value with barely any insulation) to about 0.5-0.6 W/m 2 K (for 4 cm to 6 cm of insulation) and about 0.27-0.3 W/m 2 K (for 12 cm of insulation). The up-scaling of insulation thickness was quite similar for new buildings and the refurbishment of existing buildings, provided some insulation was applied in the latter case (many refurbishments did not comprise insulation, but only wall painting; see [1] ). Source: [3] , based on a sample survey among ten Swiss companies.
Façades
Apart from these similarities between new buildings and the renewal of existing buildings, important differences with respect to standards and building quality among individual building owners can be observed, too. Indeed, a recent survey concerning specific energy consumption of a sample of more than 1000 new buildings in thirteen Swiss cantons revealed wide variation among individual buildings and systematic differences between some of the cantons [20] . A follow-up study currently being undertaken by a Swiss consulting firm investigates the reasons for these differences and seeks for the determinants of the energy-related quality of buildings' constructions achieved [21] . This study indicates that not only the legally binding requirements influence the energy consumption of new buildings, but also the implementation and enforcement, and accompanied policy measures such as information, the support of labels, and continued educational efforts. Over the last 20-30 years, improvements of wall insulations to meet higher standards or sterner legal requirements were mainly realised by increasing the insulation thickness, and less by the improvement of the thermal conductivity (λ-value), which decreased by about 8-10% per decade. However, for innovative foam-based insulation materials (e.g. BASF's Neopor  ), further improvements of between 20% to 40% are expected. Furthermore, public and private R&D in very promising vacuum insulation elements is currently ongoing. Figure 4 illustrates the techno-economic progress of wall insulations that has been made in Switzerland over the past 15 years. The price increase of the insulation material polystyrene after the mid-1980s and in the early 1990s was caused by a continued boom of the economy in general, and of the real estate market in particular, and also by a higher price of crude oil (which is an input for the polystyrene production). After 1993, continued price decreases for the insulation material could be observed again. By assessing the temporal development of the cost structure, one can deduct that the observed total cost decrease of façade insulation was not at all caused only by a decrease in cost for the insulation materials. First of all, the cost share of the insulation material is quite low (between 15% and 25%). Second, the cost of the insulation material decreased only modestly. Learning effects by the applying staff and technical progress of auxiliary material (e.g. adhesives, mechanical fixations) helped to reduce these cost components and to decrease labour assignments from some 2.1 h/m 2 to 1.7 h/m 2 between 1980 and 2000 [22] .
In order to perform experience curve calculations, the yearly or cumulative output of the assessed technology must be known. Unfortunately, no exact figures on the square metres of façade insulation applied were available to the authors for Switzerland. Experts estimate, however, that the amount was roughly constant (if one ignores short-term and business cycle fluctuations). Since the early 1970s, the cumulative number of square metres of façade insulation doubled five to six times (and about once since 1985).
Window glazing and windows
Windows provide a good example for technical progress that occurs over long time periods (decades) at roughly constant, or even decreasing, nominal prices. Based on an empirical investigation, Figure 5 
approximate market introduction of various window-glazing technologies
Source: Adopted from [3] and [4] , based on data from two leading Swiss glass manufacturing companies.
Note that the curves depicted in Figure 5 do not allow any direct conclusions for the U-value of the window as a whole, as this also depends on the share of the frame relative to the total window area, and also on the technical characteristics of the frame. However, in the past the U-value of the glazing very much dominated that of the whole window, and only when U-values for the glazing dropped below those for the frames (1.4-1.6 W/m 2 K for wooden frames and 1.1-1.9 W/m 2 K for plastic frames), attention paid to the frames somewhat increased. Indeed, nowadays the window and frame manufacturers need to catch up in order to keep abreast with the pace of the innovation cycle, which in the past was primarily glazing-driven. This is especially true for wooden frames. Today's most advanced labels for energy-efficient buildings, such as the German passive energy house standard, actually call for significantly improved window frames, in order to allow for the window as a whole to meet the required U-value specification of 0.8 W/m 2 K. However, significant scope for innovation on the glazing side remains, and news from leading R&D laboratories currently report improvements on two basic techniques, viz. (a) the inclusion of one or several foils between the glasses and (b) vacuum glazing (e.g. [23] ).
Window glazing is not only predominant with regard to the technical performance of a window in terms of energy efficiency, but it is also an important cost factor in window manufacturing that is subject to significant dynamics. As shown in Figure 6 , the share of the glazing cost is about one-quarter of the price paid by the end-user. Interestingly, despite the impressive technical progress made over the last thirty years in terms of thermal conductivity, the price of coated double glazing has actually decreased by more than a factor of two (real 2001 prices). This trend, derived from data obtained from leading Swiss glazing manufacturers, has been confirmed by two other glazing companies (cf. [3] for details). Triple (non-coated) glazing showed a similar dynamics between the 1970s and the mid-1980s. Note that the absolute price level of triple glazing is lower than that of double glazing, since only the latter is coated (implying a higher energy efficiency). Source: Adopted from [3] , based on data from a Swiss glazing manufacturer and a major Swiss window manufacturer.
From 1985 to 2000, the price for complete double-glazed windows remained roughly constant at around 400 CHF/m 2 in nominal terms, and decreased by about 10% over the last 15 years in real terms. Over the same period of time, improvements of various technical characteristics (e.g. energy-relevant characteristics such as the U-value, but also regarding painting and weather protection and the like) could be realised. In contrast, the price of triple-glazed windows increased (decreased) modestly in normal (real) terms over the period 1990-2001.
The findings depicted in Figure 6 are in accordance with those in Table 4 , which contains the estimation by a window and façade manufacturing association's representative regarding total cost and cost shares, respectively, of window production. The figures show that the costs of the glass used in window manufacturing have approximately halved from 1970 to 2000, while the (real) cost for material and coating and for assembly including transport has more or less remained constant, as has the contribution margin. Besides, the labour cost decreased substantially because of an increased output per employee ratio, which was enabled mainly by a transition to capital-intensive but highly efficient assembly lines. Overall, the cost of complete windows has decreased by some 25% over the last thirty years (in real 2000 prices; see Table 4 ). Similar to other construction activities, the production and assembly of windows consists of cost components of different types. Ideally, deflation factors are chosen accordingly, but an appropriate deflation factor might not always be available for any cost type. In the present case, cost deflation factors of similar cost types were chosen. The historical cumulative output must be known in order to perform experience curve calculations. Experts estimate that in Switzerland the annual volume of windows sold was roughly constant over the last three decades (apart from some short-term fluctuations) at a level of about 2.6-2.9 billion m 2 per year. Table 5 reports on estimations of historical market shares of windows of different energy quality (note that the time periods in the table are not equidistant). At least three very innovative glazing types were introduced, and the following interesting findings can be distilled:
• Innovative glazing technologies can reach high market penetration levels in a relatively short period of time, provided there is demand pull (e.g. created by legal requirements, labels): in Switzerland, for example, coated and inert-gas-filled double glazing gained a market share of almost 60% within only five years, although other improved window types (such as non-coated triple glazing) were already introduced in the market. The willingness and flexibility of the glazing manufacturers alleviated the transition process.
• The better is the enemy of the good: after coating and inert-gas-filling had been developed and brought to the marketing stage, the already ongoing diffusion of non-coated triple glazing (that was also innovative in comparison to non-coated double glazing) was stopped abruptly after 1985, mainly because it was technically inferior, aesthetically less attractive, and more expensive than the newer innovation.
• In the absence of an urgent (economic or legal) need or some special promotion campaign, the introduction of innovative technologies into the market is much slower than otherwise. Indeed, although (coated and inert-gas-filled) triple glazing was already available on the market in 1990 (2% market share), its market share has only risen to some 7% today. This is in stark contrast to the dynamics experienced for coated double glazing after the mid-1980s, which was encouraged by both general building codes (envelope as a whole -SIA 380/1) and specific building codes (construction elements -SIA 180). --3  60  70  78  80  80   Triple glazing insulation  -3  15  -----Triple glazing insulation with  heat protection coating  ---2  3  5  6  7 Total production volume 100 100 100 100 100 100 100 100
Source: [3] , based on data from a leading Swiss manufacturer of insulating glasses.
Experience curves and progress ratios for façades and windows
In what follows, we will briefly discuss the method that has been used to derive the progress ratios, pr, for efficiency measures applied to the building envelope. The useful energy conserved and its specific costs are calculated against the reference case of a traditional wall construction with barely any energy efficiency insulation. The cost of conserved energy and thus the progress ratio depends on the U-value of the reference wall. To take into account uncertainty, two progress ratios are calculated, assuming a U-value for the reference wall of 1.0 W/m 2 K and 1.25 W/m 2 K, respectively. Hence the cost of energy conservation is calculated by subtracting non-energy relevant costs of façade application of between 35 CHF/m 2 and 40 CHF/m 2 , arguing that these costs would have been necessary in any case (façade skin, connection to adjacent construction elements like windows). Each data point shown in Figure 7 represents half of a decade; the first data point stands for the 1975 situation and the last one for the year 2001. The progress ratios found vary between 0.79 and 0.83 for cumulative square metres of façade applied as a reference, and 0.82 to 0.85, respectively, for cumulative useful energy conserved as a reference (cf. Figure 7) . Note that the progress ratio referring to the cumulative useful energy conserved turns out to be lower than the one referring to the cumulative area of façade applied. The reason is that due to different underlying measures of cumulative output, the progress ratios are not directly comparable [24] . Particularly, if the cumulative output measure is based on the cumulative energy conserved, then more doublings of output are required for the same reduction in cost of energy conserved, as compared to cumulative façades area used as a measure. The progress ratios calculated for the time period 1985-2001 and for double-glazed coated windows are in the range of 0.83-0.88. The range reflects the uncertainty of the cost and the reference U-value at t = t 0 .
Diffusion dynamics and optimal investment strategies
Experience curve analyses can be useful for energy efficiency policy design, policy-making and policy evaluation, although so far the major focus of the scientific community dealing with energy issues has been primarily on energy conversion technologies, and especially such based on renewable energy sources (e.g. [25] , among others). In what follows, we will first illustrate -with the help of a simple epidemic diffusion model (see, e.g. [26] for an overview) -how an accelerated market penetration of triple glazing may lead to a faster cost decrease (Section 4.1). Second, we discuss the optimal timing strategy for the insulation of new and existing building envelopes (Section 4.2). Figure 8 shows the resulting price trajectories for double and triple glazing different from the assumed market diffusion paths (measured in market share percentages). For the reference scenario, a standard Bass model formulation [27] has been fitted to the historical development of the market share for triple glazing (coated, inert-gas-filled, see Table 5 Source: Adopted from [3] .
Riding down the experience curve for energy-efficient building envelopes 171

Techno-economic dynamics in an accelerated market diffusion scenario
It is even imaginable that in the long run, the prices for double glazing rise again, as the significance of mass production advantages fade. This was the case in Sweden, for example, where double-glazed windows were actually more expensive than triple-glazed ones.
Optimal timing strategy for building envelope refurbishments within a dynamic techno-economic framework
Even if prices of investments in energy efficiency measures (energy conservation measures) drop substantially in the future, this should not lead to the conclusion that the best strategy for investors is 'wait and see'. Particularly, the following cases can be distinguished:
• Choice of energy quality of the building envelope for new buildings and for energy-related building renewal: if 'only' today's average efficiency standards are applied, the building owner is exposed to the risk of energy price increases, especially compared to investments in appliances and end-use technologies that have a much shorter lifetime. Indeed, windows, and even more so façades, walls and floors have lifetimes of several decades and price increases during this kind of time horizons are quite probable (cf. [28] ). Moreover, subsequent improvements of building envelopes that comply with current efficiency standards cause very high marginal energy conservation cost. Total façade costs including insulation are currently at around 120 CHF/m 2 for 12 cm insulation and 130 CHF/m 2 (best offer) to 170 CHF/m 2 (average price) for 25 cm to 30 cm, respectively. If 12 cm of insulation are applied today and a further 12 cm are applied in the future (and presuming that the energy prices are higher in 30 years' time than today), the total costs are roughly doubled (minus future cost decreases and minus some value added for the façade's renewal). Even if the future investment is discounted, the present value of the total cost is much higher. Furthermore, because of the high marginal costs of roughly 0.5-0.6 CHF/kWh (the second 12 cm have a much lower energy conservation effect, but the investment is almost as high as for the first 12 cm), no investor would invest into further improvement. The costs for the foregone option are thus quite high when investing today, but only at a rather low level.
• When deciding whether or not to add insulation to formerly non-insulated buildings, there is a second kind of lost opportunity. If a façade or a roof is renewed (coating, painting, tile replacement) and no insulation is added, at the same time an energy improvement opportunity is lost for typically 25-30 years (i.e. the time period after which façades are normally repaired and repainted) up to 40-50 years (time horizon for tile replacement). However, contrary to the case mentioned above, after this time there is a second chance to invest in energy improvements and the marginal cost of energy conservation will still be quite low. This is even true if the energy improvement is made before the end of the lifetime of the façade painting, because the investment opportunity (real option) forgone is only a prorated fraction of 30 CHF/m 2 to 40 CHF/m 2 . This might be another reason why many of the building owners prefer to just maintain the building and to wait with more capital-intensive investments in energy efficiency improvements. It is needless to say, however, that there might be many other reasons for such a wait-and-see behaviour.
Marginal cost comparisons and sensitivity analysis with regard to experience curve effects
The marginal cost of energy efficiency measures aimed at the building envelope (e.g. improved wall insulation, energy-efficient windows) is proportional to the (annualised) cost difference between adopting a traditional and an innovative (i.e. improved) measure. However, for the latter the cost reduction potential through experience and learning effects is often greater, and it is likely that the cost reductions or technical improvements take place in a more dynamic way. Indeed, empirical evidence suggests that the time to double cumulative output is shorter and the progress ratios of new technologies are usually lower (i.e. the learning rate is higher) than for traditional technologies. As a consequence of pure arithmetic, it can be shown that the marginal costs decrease even faster: Let us suppose that the additional investment costs of improved insulation or windows are 30% higher and that the corresponding gross marginal costs of energy efficiency are 0.1 CHF/kWh. Then, it follows that if the costs of some improved measures drop by 15% over the same time period as the reference measure's costs decline by 10%, the cost difference between the two (and hence the marginal cost of energy efficiency measures) decreases by 32% down to some 0.07 CHF/kWh. This phenomenon is valid for all marginal cost types where marginal costs of conserved energy are calculated as a difference of a reference investment and an improved or add-on energy efficiency measure, and where the latter have a higher and more dynamic cost reduction potential through learning and experience effects. In particular, the marginal costs of conserved energy of enhanced building envelope insulation including improved windows confirm the existence of this narrowing gap phenomenon. At the same time, the marginal costs of conserved energy by wall insulation, as compared to wall painting, behave less dynamically, i.e. only like the cost development of the reference insulation (in the example used -10% per time period) or -if improved insulation is being applied -like the dynamics of improved insulation (-15% per time period).
These considerations help to understand why the marginal costs of energy efficiency (i.e. heat energy demand reduction) measures have a significantly different dynamic behaviour, depending on the type of measure assessed (cf. Figure 9 ). Marginal costs of energy efficiency measures that have an add-on character (e.g. increase of insulation thickness, above-standard windows) typically evolve much more dynamically than marginal costs that arise from discrete and lumpy investment decisions (such as the yes/no installation of an air renewal system).
Finally, the adoption of energy efficiency measures applied to the building envelope could be fostered by communicating the achievable reduction in the heating system size and the achievable fuel cost savings to both building owners and tenants, and by explicitly accounting for the additional net ancillary or co-benefits created on top of the energy savings [29] -such as increased comfort of living, protection from external noise, improved net present value of the real property, or lower health damages due to a lowered energy demand for heating and related pollutant emissions. It has been shown that such additional benefits can be of a similar magnitude as the investment costs involved, and hence have a tremendous potential influence on the decision process, provided the additional benefits are actually known and can be reaped (see [3] ). 
Conclusions and policy recommendations
In this paper, we have discussed various aspects of experience curve analysis of energy efficiency measures for the building envelope and pointed out potential merits for energy policy-makers. In particular, by using research results from an extensive recent study for Switzerland, we have illustrated important issues and complexities to be considered, without which the future cost efficiency of measures may be underestimated. We demonstrate that experience curve analyses are also feasible in the area of energy efficiency measures in general, and such that are applied to reduce the energy demand of buildings. However, some caveats arise mainly from the fact that the cost of energy efficiency not only depends on the material and labour cost of the measure alone, but also on the energy efficiency level that is actually chosen. Furthermore, the long transition periods in case of structural change render the tracing of cost over cumulative output and thus the computation of experience curves a non-trivial issue. Some conceptual approaches have been shown to meet these challenges.
The analysis of some historical trends for Switzerland over the last thirty years has revealed some marked techno-economic progress that has been driven mainly by: (a) the establishment of building codes and standards; (b) energy price signals; (c) environmental concerns; (d) the active promotion of labels and standards; and -as a consequence -(e) experience curve phenomena. Starting from the early 1980s and in line with technological progress, public authorities in cooperation with private associations have pushed building standards that were gradually adopted by policy-makers and eventually incorporated into jurisdiction as legally binding standards in an inter-cantonal diffusion process. In this respect, fiscal incentives played a minor role compared to command-and-control measures. Expected future trends important for improving the energy-efficiency of building envelopes comprise the promotion of labels (e.g. MINERGIE), GHG mitigation targets (e.g. as stipulated in the Swiss CO 2 Act) and related policy measures (e.g. imposition of a CO 2 levy), and other relevant policies (export, innovation, social, environmental, etc.).
For the time period 1975-2001, we find progress ratios for wall insulation of between 0.8 and 0.85 and for double-glazed coated windows, for the period 1985-2001, in the range of 0.83-0.88. Our empirical analysis yields technical progress factors of around 3% per annum for wall insulation and 3.3% p.a. for windows, respectively, based on Swiss data that cover the past 30 years. We find average real price decreases of 0.6% since 1985 for façades, and 25% over the last 30 years for windows.
From the preliminary experience curve analyses undertaken so far, we can derive the following tentative policy design recommendations:
• The imposition, effective control, and periodic revision of building standards help to ratchet down energy requirements of buildings and to foster the standardisation of building components, which itself can promote economies of scale and mass production and learning effects that accelerate the diffusion of energy efficiency measures related to the building envelope.
• Voluntary standards (e.g. MINERGIE, Passivenergiehaus) can spur innovation and learning, and significantly promote the standardisation of components and processes, and thus apart from economies of scale and mass production also lead to experience curve gains.
• Apart from the fuel cost savings that can be achieved by the energy efficiency measures discussed, it is important that decision-makers take net co-and ancillary benefits explicitly into account, as these can be in the same order as the investment costs and thus greatly influence the decision process in favour of energy efficiency improvements. Through a (temporarily limited) public support of the niche market of MINERGIE buildings, i.e. to support the observed willingness to pay for these co-benefits, learning investments can be financed which helps to bring down the costs of energy efficiency measures. Due to the narrowing gap phenomenon, the cost of energy efficiency decrease even more dynamically than the cost reduction of the measures themselves.
Overall, the promotion of the virtuous cycle 'standard → innovation → diffusion → cost reductions', the expected spillovers from building performance standards for new buildings to refurbishments of existing building envelopes, and the explicit accounting for net additional benefits are good starting points for successful and innovative energy efficiency policies that keep an eye on experience curve developments and hence also on the economically optimal timing for building envelope refurbishments.
8 Note that we use the expressions 'cost of additional energy efficiency' and 'cost of conserved energy' synonymously in this paper. Note further that the 'cost of energy conserved' is not the same as 'avoided cost of energy conserved' (i.e. the latter refers to reduced expenditures for energy), and should not the confused. 9 The heating degree days (HDD) concept is useful for determining the energy requirements for heating purposes. It takes into account that at days below a certain daily mean temperature a building needs to be heated in order to maintain a specific indoor temperature. Such days are called heating days. The HDD for a given period of time are computed as the sum of all differences between the mean temperature of these heating days and some chosen reference indoor temperature (e.g. 20°C, definitions vary). 10 WärmeschutzV (1995) Verordnung über einen energiesparenden Wärmeschutz bei Gebäuden
